SUMMARY N 6 -methyladenosine (m 6 A) and adenosine-to-inosine (A-to-I) editing are two of the most abundant RNA modifications, both at adenosines. Yet, the interaction of these two types of adenosine modifications is largely unknown. Here we show a global A-to-I difference between m A-depleted transcripts. Collectively, the effect of m 6 A on A-to-I suggests a previously underappreciated interplay between two distinct and abundant RNA modifications, highlighting a complex epitranscriptomic landscape.
In Brief
A-to-I and m 6 A are the two most abundant RNA modifications, both occurring on A bases. Xiang et al. show a negative correlation between m 6 A and A-to-I. This is in part due to the unfavorable association of m 6 Atranscripts with ADARs. Depleting m 6 A increases the association of m 6 Adepleted transcripts with ADARs for editing.
INTRODUCTION
The recent advent of deep sequencing technology to profile RNA species (RNA-seq) has revealed a complexity of gene expression regulation at the RNA level (Licatalosi and Darnell, 2010) . For example, nearly all human multiexonic protein-coding genes undergo alternative splicing to produce multiple mRNAs, thus significantly increasing the transcriptomic and proteomic complexity and, hence, functional diversity (Nilsen and Graveley, 2010) . In addition, genome-wide profiling of distinct chemical modifications at the RNA level has led to the emerging field of epitranscriptomics . Increasing lines of evidence have begun to reveal that some of these modifications play important roles in gene expression regulation at the levels of splicing, RNA stability and structure, and translation (Li and Mason, 2014; Licht and Jantsch, 2016) . Among over 100 different types of modifications (Li and Mason, 2014; Sun et al., 2016) , adenosine-to-inosine (A-to-I) editing and N 6 -methyladenosines (m 6 A) are two of the most abundant RNA modifications, and both occur on A bases.
The catalytic mechanisms of these two modifications are distinct. A-to-I conversion is catalyzed by adenosine deaminases acting on RNA (ADARs) that preferentially bind to double-stranded RNA substrates (Nishikura, 2010) . A-to-I editomes have been well characterized at single-nucleotide resolution, due to the fact that Is can pair with Cs during reverse transcription and, therefore, appear as Gs during sequencing of cDNAs. Over a million A-to-I events have been archived in human transcriptomes (Nishikura, 2016) . A-to-I RNA editing is dependent on the formation of RNA secondary structure (such as inverted repeated Alus in human) (Bahn et al., 2015) . Although lacking motif enrichment at the primary sequence level, sequence context analysis has suggested that A-to-I editing often occurs at editing-enriched regions (EERs) (Blango and Bass, 2016) , with 5 0 (upstream) and 3 0 (downstream) nearest base preferences as 5 0 : U > A > C > G and 3 0 : G > C = A > U for ADAR1 or 5 0 : U > A > C > G and 3 0 : G > C > U = A for ADAR2 (Eggington et al., 2011) .
In contrast, m 6 A is reversibly processed by different enzymes, catalyzed by a methyltransferase complex (termed writers) and demethylated by FTO and ALKBH5 (termed erasers) (Fu et al., 2014) . Most currently available m 6 A maps were generated by m 6 A RNA immunoprecipitation followed by deep sequencing (MeRIP-seq) with an 100-nt resolution (Dominissini et al., 2012; Meyer et al., 2012) . In this case, RNA fragments with m 6 A sites were usually used to determine m 6 A RNA methylomes, exhibiting an enrichment of the RRACH motif for m 6 A sites (Fu et al., 2014) . Thus, the different sequence and structure features for A-to-I or m 6 A suggest that these two chemical modifications do not likely compete for the same A bases. In addition, it seems there is no direct interaction between these two modifications at a given A base. The hydrolytic deamination at C 6 of adenosine that results in A-to-I editing is obviously disabled from being further processed for N 6 -methyl modification. Meanwhile, m 6 A itself is not a good substrate for deamination when examined in an in vitro assay, with ADAR2 specifically (Vé liz et al., 2003) . Although processed with distinct catalytic mechanisms, an intriguing question is whether m 6 A and A-to-I are always A-positive and m 6 A-negative transcripts by their m 6 A status in the m 6 A-LAIC-seq analysis . In total, about 14,215 genes were identified with RPKM R 1 in either m 6 A-positive or m 6 A-negative RNA population. Bottom: genes were classified into subgroups according to their relative abundance in m 6 A-positive and m 6 A-negative RNA populations. Genes with high, medium, and low m 6 A levels were determined by normalized RPKM m6A-positive : normalized RPKM m6A-negative R 3, 1/3 % normalized RPKM m6A-positive : normalized RPKM m6A-negative < 3, or normalized RPKM m6A-positive : normalized RPKM m6A-negative < 1/3, respectively. (B) A schematic drawing to show the identification of m 6 A-RIP peaks in H1 cells. About 17,484 m 6 A-RIP peaks were identified from 8,726 human genes from a previously published dataset in H1 cells . Table S2 ). We divided these 14,215 genes into different groups according to their relative abundance in m 6 A-positive and m 6 A-negative RNA populations. About 43% of genes were not enriched in the m 6 A-positive population (normalized RPKM m6A-positive : normalized RPKM m6A-negative < 1/3) ( Figure 1A , bottom, labeled as low) and 56% of genes were modestly enriched in the m 6 A-positive population (with 1/3 % normalized RPKM m6A-positive : normalized RPKM m6A-negative < 3) ( Figure 1A , bottom, labeled as medium). About 1% of 14,215 genes were highly enriched in the m 6 A-positive population with normalized RPKM m6A-positive : normalized RPKM m6A-negative R 3 ( Figure 1A , bottom, labeled as high). An independent study that aimed to identify m 6 A-RNA immunoprecipitation (RIP) peaks in the same H1 cell line ( Figure 1B ; Tables S1 and S2) also revealed that the majority of genes with medium or high m 6 A modification in their RNA transcripts were enriched with m 6 A-RIP peaks ( Figure 1C , left). Moreover, the m 6 A-RIP peak numbers were significantly higher in genes with a medium or high m 6 A modification in their RNA transcripts than those with a low proportion of m 6 A modification ( Figure 1C , right). These analyses together show that transcripts with different levels of m 6 A modification can be well separated into distinct RNA populations.
To compare possible A-to-I differences between m 6 A-positive and m 6 A-negative transcripts, we used a computational pipeline with stringent expression and editing cutoffs to profile A-to-I editing in annotated sites ( Figure S1A ; sites with at least 10 mapped hits in both m 6 A-positive and m 6 A-negative samples and with at least 5% A-to-I ratio in at least one sample) . This method has been applied to determine highly edited cluster regions, referred to as editing boxes (EBs) . Since the correlation of A-to-I RNA editing between two biological replicates is very high in both m 6 A-negative and m 6 A-positive RNA transcripts ( Figure S1B ), we combined two replicates for subsequent analysis. In sum, 4,151 A-to-I sites from 929 gene loci were selected with the stringent expression and editing cutoffs (Figure 1D ; Table S2 ). By comparing with identified m 6 A-RIP peaks in the same H1 cell line ( Figure 1B ; Table S2 ), we observed that these selected 4,151 A-to-I sites were indeed excluded from m 6 A-RIP peaks. As illustrated in Figure 1E , compared to m 6 A-RIP peaks that are mainly located around the stop codons near the 3 0 UTRs of protein-coding genes (in red) , these A-to-I sites are largely distributed in the downstream 3 0 UTRs (in black). As expected (Bahn et al., 2015) , the distribution of these A-to-I sites was preferentially overlapped with that of Alus ( Figure 1E , dashed black). This result thus further revealed A-to-I and m 6 A do not likely compete for the same A bases, although a few A bases in the m 6 A-RIP peak region could be found to have detectable A-to-I editing ( Figure S1C ).
Further comparison suggested a global A-to-I difference between m 6 A-positive and m 6 A-negative RNA populations. Specifically, more A-to-I sites were found to be predominant in m 6 Anegative transcripts than in m 6 A-positive transcripts ( Figure 1F ). Among all of these high-confidence 4,151 A-to-I sites in the examined H1 cell line, about 2,291 sites were found to have higher editing ratios in m 6 A-negative transcripts than in m 6 Apositive transcripts, with a percentage of editing ratio change (pERC) R20%, while only 354 A-to-I sites were found in m 6 Apositive transcripts with higher editing ratios than in m 6 A-negative transcripts ( Figure 1F ). These results showed that A-to-I preferentially occurs in m 6 A-negative transcripts, indicating a negative correlation between m 6 A and A-to-I.
Negative Correlation between m 6
A and A-to-I on the Same Transcripts Next, we focused on specific A-to-I sites. The EB regions in the 3 0 UTR of human EIF2AK2 gene were previously reported to have multiple A-to-I sites with diverse editing ratios across different cell lines (Figure 2A , top) . Among eight such EB A-to-I sites that were inspected in H1 cells, five were found to have a much higher editing ratio in m See also Figure S1 and Table S2 . A-to-I sites in human EIF2AK2 gene (top) , editing ratios were higher in the m 6 A-negative population from H1 cells than those in m 6 A-positive population. Noticeably, more reads were also detected in the m 6 A-negative population than in the m 6 A-positive population.
(legend continued on next page) population (>6-fold difference; Figure 2B ), suggesting that eif2ak2 transcripts are m 6 A depleted; consistently, none of the m 6 A-RIP peak was called from the EIF2AK2 locus in examined H1 cells . Thus, an alternative interpretation of this finding is that the relative low reads that cover the eif2ak2 transcript in the m 6 A-positive population might prevent an accurate editing ratio comparison in these EB A-to-I sites between m 6 A-positive and m 6 A-negative ones. To further confirm this result, we separated m 6 A-positive and m 6 A-negative transcripts in another human embryonic stem cell line (H9 cells) and examined A-to-I editing ratios at the same EB A-to-I sites in the 3 0 UTR of the EIF2AK2 gene with Sanger sequencing ( Figure 2C ). As indicated in Figure 2D , seven of eight examined EB A-to-I sites were found to have much higher editing ratios in m 6 A-negative eif2ak2 transcripts than in m 6 A-positive ones in H9 cells, consistent with the observation in H1 cells. Together, these findings suggested a negative correlation between m 6 A and A-to-I on the same RNA transcripts.
Suppression of m 6
A Enzymes Results in Global A-to-I RNA Editing Changes METTL3 and METTL14 have been reported as writer proteins that catalyze the incorporation of m 6 A in humans, and knocking down of METTL3 or METTL14 was reported to repress the global m 6 A levels (Fu et al., 2014) . Considering that m 6 A is negatively correlated with A-to-I, we suspected that the altered m 6 A level in METTL3 or METTL14 knockdown (KD) cells might have a widespread influence on A-to-I editing. Indeed, it was the case. Higher ratios of editing at A-to-I sites were found in either METTL3 or METTL14 KD HEK293T cells than in cells with control treatment (Figures 3A and 3B ; Table S3 ). Meanwhile, KD of METTL3 or METTL14 in HEK293T cells (Liu et al., 2015) did not significantly change the expression levels of ADAR enzymes at the RNA level ( Figure S2A ), although ADAR transcripts also contain m 6 A (Ma et al., 2017) . These results suggested that the global A-to-I differences between distinct m 6 A conditions were not likely caused by different ADAR expression. Nevertheless, the trends of A-to-I editing alteration were consistent between METTL3 KD and METTL14 KD samples. As illustrated in Figure 3C , the upregulated A-to-I sites in the METTL3 KD sample largely co-occurred with upregulated (top left), but not downregulated (top right), A-to-I sites in the METTL14 KD sample; the downregulated A-to-I sites in the METTL3 KD sample largely overlapped with downregulated (bottom left), but not upregulated (bottom right), A-to-I sites in the METTL14 KD sample. Consistent with this view, the upregulated or downregulated A-to-I sites in METTL3 KD and METTL14 KD tended to come from the same gene loci in HEK293T cells ( Figure S2B) .
Similar results were also observed in mouse cells after knocking down proteins for m 6 A modification. On the one hand, knocking down the m 6 A writer METTL3 in mouse 3T3 cells caused general A-to-I editing upregulation in the majority of known A-to-I sites ( Figures S2C and S2D , top; Table S4 ). On the other hand, knocking down the m 6 A eraser FTO in mouse 3T3 cells caused general A-to-I editing downregulation in most known A-to-I sites ( Figures S2C and S2D , bottom; Table S4 ). In both cases, the expression levels of mouse ADAR enzymes were barely altered at the RNA level (Figure S2E) . It is worthwhile noting that the altered mouse A-to-I sites with m 6 A changes were much less prevalent than those in human cases, due to much fewer A-to-I sites in mouse transcriptomes Ramaswami and Li, 2014) . Collectively, these results suggested that m 6 A changes resulting from the altered m 6 A writer or eraser enzymes had a negative impact on A-to-I in general.
Preferential Association of m 6
A-Negative RNA Transcripts with Human ADAR1 How does the change of m 6 A level affect A-to-I on the same transcripts? It has been reported that m 6 A is involved in gene expression regulation at multiple levels, such as altering RNA-protein interaction through switching RNA structures (Liu et al., 2015) . Meanwhile, the binding and activity of ADAR enzymes is highly correlated with structured RNA regions (Bahn et al., 2015) . We thus speculated that m 6 A methylation might reduce the binding of ADAR enzymes to the methylated RNA transcripts, leading to observed downregulation of A-to-I RNA editing in methylated transcripts.
To test this hypothesis, we examined the binding affinity of ADAR1 to endogenous transcripts (ajuba, snrpd3, gins4, and timm50) that contain both m 6 A and A-to-I signals ( Figure 4A ; Table S2 ). These transcripts were selected with higher A-to-I editing signals in the m 6 A-negative sample than those in m 6 Apositive ones (Table S2 ; GEO: GSE66086), and their A-to-I editing ratios were upregulated in METTL3 KD HEK293T cells (Table S3 ; GEO: GSE56010). RIP was first performed with anti-FLAG antibodies in 293FT cells that are stably expressed FLAG-tagged human ADAR1 (FLAG-hADAR1). RNAs in different FLAG-IP fractions, including FLAG-IP input, FLAG-IP flowthrough (FT), or FLAG-IP pull-down, were individually collected and applied to an additional RIP by anti-m 6 A antibodies. Finally, the relative abundance of m 6 A-transcripts in each FLAG-IP fraction sample was evaluated by qRT-PCR ( Figure S3A ). We found that all these m 6 A-transcripts exhibited remarkably reduced enrichment in the FLAG-hADAR1 pull-down sample, compared to those in input and FT samples ( Figure S3B ). These results clearly showed that m 6 A-transcripts were unlikely bound to ADAR1 proteins. Further METTL3/14 double KD (DKD) in the FLAG-hADAR1-overexpressed 293FT cells led to reduced m 6 A levels in the same endogenous ajuba, snrpd3, gins4, and timm50 transcripts ( Figure 4B ). Consistently, all these examined transcripts showed increased association with FLAG-hADAR1 under the condition of m 6 A depletion by METTL3/14 DKD (Figure 4C) , further indicating that the unfavorable ADAR1 binding A-positive population. See also Table S2. to m 6 A-transcripts might account for the negative crosstalk between m 6 A and A-to-I in the examined human cells.
Recapitulation of m 6
A Regulation on A-to-I Using Reporter Plasmids To further confirm the direct regulation of m 6 A on A-to-I, we constructed two reporter plasmids that contained both m A writer enzymes in HEK293T cells (Fu et al., 2014) . (B) A-to-I editing sites were divided into different subgroups with the pERC (knockdown versus control) cutoff at 20%. More A-to-I editing sites were identified to have higher editing ratios in either METTL3-(left) or METTL14-(right) depleted cells than in controls. (C) Overlapped A-to-I sites between METTL3-(left) and METTL14-(right) depleted samples. Upregulated A-to-I editing sites were prone to co-occur between METTL3 KD and METTL14 KD samples (top left). Accordingly, downregulated A-to-I editing sites largely co-occur between METTL3 KD and METTL14 KD samples (bottom right). See also Figure S2 and Table S3. the chimeric reporter, an 84-bp sequence of SON gene, which harbors three consensus m 6 A motifs , and a 715-bp EB sequence enriched with A-to-I sites in the 3 0 UTR of human EIF2AK2 gene were cloned sequentially downstream to the EGFP sequence ( Figure 4D , EB-reporter-SON-EB, top). This reporter plasmid produces a fused RNA containing both the SON sequence for m 6 A methylation and the EB sequence for A-to-I editing, together with egfp for EGFP as the transfection control. To mimic the endogenous regulation of m Knocking down METTL3 and/or METTL14 in HeLa cells led to significant m 6 A depletion ( Figure S4A ), but it had little effect on ADAR gene expression (Figure S4B ). In addition, compared to single KD of METTL3 or METTL14, the METTL3/14 DKD achieved the highest suppression on the overall m 6 A level in HeLa cells ( Figure S4A ). We thus chose METTL3/14 DKD HeLa cells for the following analysis. As expected, A-to-I editing ratios of examined sites in EB-reporter-SON-EB were all elevated after being transfected into METTL3/14 DKD HeLa cells, compared to the control treatment ( Figure 4D, bottom) . A similar observation was also made in EB-reporter-AJUBA after being transfected into METTL3/14 DKD HeLa cells (Figure 4E, bottom) . S4 and Table S2 .
Together, these results support the view that m 6 A modification suppresses A-to-I editing on the same transcripts. However, depleting m 6 A enhances ADAR1 binding to m 6 A-depleted transcripts, leading to the upregulated A-to-I editing on m 6 Adepleted transcripts.
DISCUSSION
Without sequence rearrangement, RNA modification provides additional mechanisms of gene expression regulation . Genome-wide analyses have suggested the global occurrence of different types of RNA modifications. A-to-I and m 6 A are two of the most abundant modifications at the RNA level, and both are processed at adenosines. An unanswered question was whether one type of A modification could affect another. Here we show a global A-to-I difference between m 6 A-positive and m 6 A-negative RNAs that are transcribed from the same gene loci (Figure 1) . Specifically, A-to-I preferentially occurs in m 6 A-negative transcripts, but it is depleted in m 6 A-positive transcripts (Figures 1 and 2 ). In addition, knocking down proteins that are responsible for methylation or demethylation at adenosine bases resulted in massive A-to-I changes (Figures 3 and S2) .
In general, A-to-I RNA editing occurs in duplex regions of RNAs (Nishikura, 2016) , whereas m 6 A largely happens in the single-stranded regions with RRACH motif enrichment, and it is reversibly catalyzed by a set of writer and eraser proteins (Fu et al., 2014) . Thus, the A sites for A-to-I or m 6 A are unlikely overlapped ( Figure 1E ), confirming that the observed crosstalk between A-to-I and m 6 A is not due to a direct competition for the same A sites. So, how can m 6 A alteration affect A-to-I editing on the same transcripts (Figures 2 and 4) ? One speculation is that RNA secondary structure alteration by m 6 A (Liu et al., 2015) might modulate ADAR binding to targeted RNAs and, thus, affect A-to-I editing. To support this, we have shown that m 6 A-containing RNAs were unfavorably associated with ADAR1 protein (Figure S3 ), while repressing m 6 A modification by inhibiting m 6 A writer enzymes dramatically enhanced the association of m 6 A-depleted RNAs to ADAR1 protein ( Figure 4C ).
This negative regulation of m 6 A on A-to-I was also revealed in reporter plasmids (Figures 4D and 4E) .
In addition to the RNA structural switch model, several other possibilities exist to further explain the observed negative regulation of m 6 A on A-to-I editing. For example, once transcripts are methylated co-transcriptionally, they might be on a different track (bound with m 6 A readers, including METTL3) of ribonucleoproteins (RNPs) to which ADARs may not have access. Or, methylated transcripts, once being bound by m 6 A readers or other protein factors, are protected from being further edited. Of note, there is no direct interaction between m 6 A enzymes and ADARs ( Figures S4C and S4D ) (Szklarczyk et al., 2015) , suggesting that enzymes on these two modification pathways are insulated. Future studies are warranted to distinguish these scenarios.
Other factors can also contribute to the observed A-to-I changes in individual METTL3 or METTL14 KD cells (Figure 3 ). METTL3 primarily functions as the catalytic core and METTL14 serves as an RNA-binding platform in the METTL3/METTL14 heterodimer (Wang et al., 2016a, 2016b) . Thus, individually knocking down METTL3 or METTL14 may cause different effects on m 6 A changes, and the METTL3 KD was expected to have a more profound m 6 A repression than the METTL14 KD. Of note, METTL3 can play other roles independent of its methylation activity (Lin et al., 2016) , which could also explain differences observed between KDs of METTL3 or METTL14 (Figure 3) . Since m 6 A can affect global gene expression at different levels (Li and Mason, 2014; Licht and Jantsch, 2016) , depletion of METTL3 and/or METTL14 can result in genome-wide gene expression changes, which may indirectly affect A-to-I editing. This indirect influence can be either positive or negative, which might lead to both upregulated and downregulated A-to-I changes in METTL3 or METTL14 KD cells.
It is becoming increasingly apparent that m 6 A has profound effects on the downstream RNA processing and function by altering alternative splicing, modulating mRNA translation, and affecting mRNA stability and structure (Liu et al., 2015; Yang et al., 2017; Zhao et al., 2014) . This study provides an additional line of evidence to show the impact of m 6 A on regulating A-to-I editing. Yet whether A-to-I can also regulate m 6 A is unclear, it is possible that A-to-I-edited transcripts are blocked to be further methylated, which can lead to the negative correlation between m C that are reported to affect RNA structures (Roundtree et al., 2017; Safra et al., 2017) , might also play roles in regulating A-to-I. Other unexpected interplays among different RNA modifications are likely and yet to be fully explored.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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SUPPORTING CITATIONS
The following reference appears in the Supplemental Information: Nie et al. (2005) . A-Negative RNA Populations in H9 Cells m 6 A-positive and m 6 A-negative RNA populations in H9 hESCs were fractionated as reported with slight modification. Briefly, 1mg total RNAs were diluted in 50 ml DEPC treated H 2 O. After heating at 65 C for 5 min, RNAs were immediately chilled on ice for 2 min. 20 ml DynaBeads were pre-washed with m 6 A binding buffer and then coated with m 6 A antibody for 2 hr at 4 C. After rinsing, the m 6 A antibody coated DynaBeads were resuspended with 500 ml m Native and Sequential RNA Immunoprecipitation (RIP) Cells growing in 10 cm dishes were rinsed twice with ice-cold PBS, harvested in 10 mL ice-cold PBS and then centrifuged at 1,000 rpm for 5 min at 4 C. Cell were resuspended in 1 mL RIP buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 0.5% Igepal, 1 mM PMSF, 1 3 protease inhibitor cocktail (Roche) and 2 mM VRC) and subjected to three rounds of gentle sonication. Cell lysates were centrifuged at 12,000 rpm for 15 min at 4 C and the supernatants were precleared with 15 mL Dynabeads Protein G (Invitrogen) to get rid of non-specific binding. Then, the pre-cleared lysates were used for IP with anti-Flag antibodies (Sigma). IP was carried out for 2 hr at 4 C. Then the beads were washed three times with high salt buffer and two times with the same RIP buffer, followed by extraction with elution buffer (100 mM Tris, pH 6.8, 4% SDS, and 10mM EDTA) at room temperature for 10 min. One-third of the eluted sample was used for western blotting and the remaining was used for RNA extraction. The RNA enrichment was assessed by RT-qPCR. Primers are listed in the Key Resources Table. For Sequential RIP in Flag-hADAR1 HEK293FT cells, the native RIP was performed with anti-Flag antibodies (Sigma), followed by the fractionation of m 6 A-positive from RIP products (including Flag-hADAR1-IP Input RNA, Flag-hADAR1-IP Flow through RNA and
STAR+METHODS KEY RESOURCES TABLE
